Angiosarcoma is a rare malignant neoplasm composed of cells that demonstrate endothelial differentiation accounting for o1% of all sarcomas. 1, 2 Although angiosarcoma can occur at any anatomical site throughout the body, it is most commonly found in the skin of the head and neck region and its underlying superficial soft tissue. 1, 2 In all, 20-40% are located within the deep muscles of the extremities. [1] [2] [3] [4] Angiosarcoma of bone is extremely rare and accounts for o1% of all malignant bone tumors. [5] [6] [7] Angiosarcomas present with widely varying signs and symptoms. Although their clinical behavior is rather unpredictable, it has been generally accepted that they can be extremely aggressive. 1, 2, [8] [9] [10] [11] Angiosarcomas constitute a highly heterogeneous group of tumors. At present, there is an increasing role for cellular and molecular features in the classification of tumors. 1 These features do not only have an impact on the identification and diagnosis of tumors, but can as well have some therapeutic implications. 12 So far, there are relatively few studies investigating cellular and molecular changes within angiosarcoma of bone. Single-case reports and small studies have shown the possible involvement of cell cycle regulators, such as cyclin D1, 13 and tumor-suppressor genes such as CDKN2A and TP53, 1, [14] [15] [16] [17] [18] [19] [20] [21] in sporadic angiosarcoma of skin, soft tissue and visceral angiosarcomas suggesting a possible role in tumorigenesis in a subset of angiosarcomas. Moreover, a subset of angiosarcomas harbor specific genetic alterations based on either their anatomical site or exposure to radiation. [22] [23] [24] In that perspective, high levels of MYC amplification are found in 55-100% of angiosarcomas secondary to radiation exposure or chronic lymphedema after breast surgery and radiation, which is in 25% associated with FLT4 (FMSlike tyrosine kinase-4 encoding for VEGFR3) amplification. [22] [23] [24] In addition, KDR (kinase insert domain receptor, VEGFR2) mutations are present in 10% of angiosarcoma of the breast, either primary or secondary to radiation exposure. 22, 23 These findings implicate that, based on tumor-specific alterations, angiosarcoma of soft tissue is highly heterogeneous. In angiosarcoma of bone, molecular studies are absent. Therefore, it is still unclear whether angiosarcoma of bone is a true separate entity or is similar to primary angiosarcoma of deep soft tissues. We therefore examined the expression of a large panel of oncogenes, tumor-suppressor genes, and signaling molecules and performed hotspot mutation analysis for PIK3CA in angiosarcoma of bone. Results were compared with angiosarcoma of soft tissue. Our aim was to identify potential pathways involved in the development of angiosarcoma of bone that could serve as potential target for treatment.
Materials and methods

Clinicopathological Data
Formalin-fixed paraffin-embedded tissue of 37 tumors from 33 patients, with the confirmed diagnosis of angiosarcoma of bone were collected from the archives of the Department of Pathology of the Rizzoli Institute, Bologna, Italy (33 tumors from 30 patients), and University Hospitals, Leuven, Belgium (4 tumors from 3 patients) as previously well characterized and described. 25 For comparison, 20 angiosarcomas of soft tissue from 20 patients were collected from the archives of the Department of Pathology of University Hospitals, Leuven, Belgium (14 tumors from 14 patients) and Leiden University Medical Center (6 tumors from 6 patients). Fresh frozen tumor tissue of six angiosarcomas of soft tissue (from six patients) was available for mutation analysis. All specimens were handled according to the ethical guidelines described in 'Code for Proper Secondary Use of Human Tissue in the Netherlands' of the Dutch Federation of Medical Scientific Societies.
Tissue Microarray
Four tissue microarrays were assembled by standard procedures 26,27 using a 2 mm-diameter punch (3DHistech, Budapest, Hungary; three tissue microarrays) or a 0.6 mm-diameter punch (Beecher Instruments, Silver Spring, MD, USA; one tissue microarray) containing 37 angiosarcomas of bone and 20 angiosarcomas of soft tissue with four cores of each lesion whenever possible. Also six tissue cores of tonsil, seven tissue cores of bowel and three cores of liver were included for orientation and control purposes. Using a tape-transfer system (Instrumedics, Hackensack, NJ, USA), 4-mm sections were transferred to glass slides.
Immunohistochemistry
Immunohistochemistry was performed on tissue microarray slides with different antibodies for oncogenes, tumor-suppressor genes and signaling molecules, which were selected based on their possible role in angiosarcoma of soft tissue, or based on their role in angiogenesis (Table 1) . Immunohistochemical reactions were performed according to standard laboratory methods. 28 For each antibody, a positive and negative external control was included. The antibodies, their sources, antigen retrieval methods, dilutions, positive and negative external controls used are documented in Table 1 . As negative control, sections were stained without adding the primary antibody. The intensity (0 ¼ no staining, 1 ¼ weak, 2 ¼ moderate, 3 ¼ strong) and percentage of positive neoplastic cells (0 ¼ 0%, 1 ¼ 1-24%, 2 ¼ 25-49%, 3 ¼ 50-74%, 4 ¼ 75-100%) were evaluated. Lost tissue cores were excluded from the analysis. As decalcification could compromise the immunohistochemical result, we attempt to counteract this phenomenon by excluding the tissue samples with a negative internal control. The sum of intensity and percentage was used for analysis. Data were collected through homemade software. 29 
DNA Isolation and Mutation Detection
DNA was isolated from formalin-fixed paraffinembedded material from 13 angiosarcomas of bone, and from fresh frozen material from six angiosarcomas of soft tissue, as described previously. 30 The Custom TaqMan Assay Design Tool (Applied Biosystems, Nieuwerkerk a/d Ijssel, The Netherlands) was used to detect seven different KRAS, three PIK3CA and one BRAF mutations as described previously. 31 Raw data from the LC480 software were imported into an inhouse-created Microsoft Excel 2003 spreadsheet to define the mutation status as described in detail previously. 31 
Statistical Analysis
The results of the immunohistochemical analysis were correlated to clinicopathological data available for the angiosarcomas of bone, which were documented previously. 25 The correlation between immunohistochemical markers and the specific location of the tumors (bone versus soft tissue) was performed using global testing and the nonparametric Mann-Whitney U two-independent sample test. Global testing was used to determine whether a pre-specified group of genes were differentially expressed between angiosarcoma of bone and soft tissue. 32 Kruskal-Wallis H test (non-parametric K independent sample test) was performed to evaluate the correlation between immunohistochemical markers within the different subgroups based on the origin (bone, soft tissue, head and neck region, or visceral involvement). Subsequently, immunohistochemical markers were combined into different pathways and by global testing we evaluated the correlation between these pathways and the two different groups of angiosarcoma (bone versus soft tissue) and corrected the results for multiple testing. Values of Po0.005 (corrected for multiple testing) were considered statistically significant. The data were analyzed using R (R Development Core Team (2011). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org/), Global testing 32 and SPSS 17.0 software (SPSS, Chicago, IL, USA). As described previously, follow-up data were available of 31 patients with angiosarcoma of bone. 25 Survival was evaluated by Kaplan-Meier analysis and log-rank test. Values of Pr0.05 were considered statistically significant.
Results
Patient Characteristics
Patient characteristics of both angiosarcoma of bone and soft tissue are summarized in Table 2 . All patient characteristics for angiosarcoma of bone have been described in detail previously. 25 Based on the location of the angiosarcoma of soft tissue, the patients could be divided into three different subgroups: seven patients had an angiosarcoma located within the head and neck region, eight patients had an angiosarcoma of deep soft tissue and five patients had a visceral angiosarcoma. None of the patients had a history of radiation, that is, for other cancers, and/or chronic lymphedema at the location of the angiosarcoma. Figure 1 ). Overexpression of CDK4 (sumscoreZ6) did not occur in angiosarcoma of bone (0%). None of the angiosarcomas of bone showed overexpression (sumscoreZ6) of TP53 ( Figure 2 ) or MDM2. The anti-apoptotic protein BCL-2 was only weakly expressed in the majority of angiosarcoma of bone.
Signaling Pathways in Angiosarcoma of Bone
Transforming growth factor-b (TGF-b) signaling was highly active in angiosarcoma of bone; all tumors showed immunoreactivity for the ligand TGF-b1 and the downstream targets phospho-Smad2 and plasminogen activator inhibitor type 1 (PAI-1; Figure 3) . Dot plots for all antibodies are shown in Figure 4 . In addition, nuclear expression of phospho-Smad1, which is indicative of active BMP signaling, was found in 68% of the angiosarcomas of bone (sumscore40). Endoglin (CD105) was expressed (sumscore40) by the tumor cells in the majority (97%) of the tumors. Moreover, 41% of the angiosarcomas of bone showed a decrease in expression of PTEN (sumscorer3) suggesting involvement of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway ( Figure 2 ). There was no evidence of active canonical Wnt signaling as we did not find nuclear localization of b-catenin in the vast majority of the tumors. As for cell survival signaling, both the hypoxia-inducible factor-1a as well as the glucose transporter-1 were expressed in only a few tumors. On the other hand, VEGF was widely and strongly expressed ( Figure 4 ).
Angiosarcoma of Bone versus Angiosarcoma of Soft Tissue
When combining immunohistochemical markers belonging to the same pathway essential in cell signaling, proliferation and survival, global testing demonstrates a significant difference in expression for TGF-b pathway and PI3K/Akt pathway between angiosarcoma of bone and soft tissue ( Table 3 ). The TGF-b signaling is more active in angiosarcoma of bone compared with its soft tissue counterpart as shown by global testing, which is based on difference in phospho-Smad2 expression between angiosarcoma of bone and soft tissue ( Figure 5 ). The PI3K/ Akt pathway seems to be involved in both angiosarcoma of bone and soft tissue, but through a 
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Signaling pathways in angiosarcomas different mechanism. The PI3K/Akt pathway in angiosarcoma of bone is affected by decreased expression of PTEN (sumscorer3), whereas in angiosarcoma of soft tissue this is mainly associated with overexpression of CD117. Decreased expression of PTEN is seen in 11 of 27 angiosarcomas of bone (41%) as compared with 1 of 15 angiosarcomas of soft tissue (7%; P ¼ 0.049; Figure 2 ). Only 17% (5/ 29) of the angiosarcomas of bone show expression of CD117, compared with 90% (17/19) of the angiosarcomas of soft tissue (Figure 2 ). Global testing indeed demonstrates a significant difference in the overall immunohistochemical expression pattern (including all markers tested) between angiosarcoma of bone and soft tissue (P ¼ 0.0004), which is mainly because of CD117 being predominantly expressed in soft tissue angiosarcoma (P ¼ 0.00001; Figure 5 ). In addition, global testing shows that there is an apparent difference in expression for phosphoSmad2, PTEN and TGF-b between both tumor groups ( Figure 5 ). The difference in protein expression between angiosarcoma of bone and soft tissue of all antibodies are illustrated by dot plots documented in Figure 4 . In 75% of the angiosarcomas of soft tissue, the Rb pathway is affected, either by loss of CDKN2A (sumscore 0, 12/20; 60%) and/or overexpression of cyclin D1 (sumscoreZ6, 5/19; 26%). Only six percent (3/18) of the angiosarcomas of soft tissue show overexpression of TP53 (sumscoreZ6). Tumors overexpressing TP53 were mainly located in the head and neck region (2/3).
Mutation Analysis in Angiosarcoma
As the PI3K/Akt signaling pathway seems to be differently activated between angiosarcoma of bone and soft tissue, we continued to analyze for mutations in PIK3CA. However, no hotspot mutations were detected in angiosarcoma of bone or soft tissue. Moreover, there were no mutations detected for KRAS and BRAF.
Discussion
Dysregulation of the Rb/CDKN2A and/or TP53 pathway are the most common alterations found in almost all types of human cancer. 33 Our results show that in angiosarcoma of bone, the Rb pathway is disrupted in 55% of the cases, mainly by loss of protein expression of CDKN2A (49%) or overexpression of cyclin D1 (6%), contributing to uncontrolled cell proliferation and tumorigenesis.
We additionally show that, unlike in angiosarcoma of soft tissue, in angiosarcoma of bone the TP53 pathway is not important. The involvement of the Rb pathway in a small majority of angiosarcoma of bone is consistent with the hypothesis that angiosarcomas belong to the category of sarcomas with complex genomic profiles, which frequently have alterations in the Rb/CDKN2A and/or TP53 pathways. 34, 35 Moreover, inactivation of CDKN2A is associated with a more aggressive behavior in many cancers, including for instance Ewing sarcoma 34, 36, 37 and osteosarcoma. 38, 39 Here, we demonstrate that also patients with angiosarcoma of bone showing loss of Signaling pathways in angiosarcomas expression of CDKN2A have a significantly worse prognosis. To date, few studies have reported the possible role of CDKN2A and TP53 in tumor development in a subset of angiosarcomas of soft tissue. [15] [16] [17] [18] [19] [20] 37, [40] [41] [42] Recently, it has been shown that Ink4/Arf deficiency in mice is associated with the development of angiosarcoma, lymphoma and fibrosarcoma. 43 By global testing, we demonstrate that the TGF-b pathway (TGF-b1/phospho-Smad2/PAI-1) is highly active in angiosarcoma of bone and therefore could have an important role in tumorigenesis. TGF-b1 is the major isoform present in bone and, among others, involved in bone formation. 44 It binds and activates ALK5, one of its specific type I receptors, and thereby inducing phosphorylation of Smad2/ Smad3, resulting in the expression of the PAI-1. 45 To date, it is accepted that the TGF-b signaling pathway has an important role during embryogenesis, cell Figure 4 The difference in protein expression (sumscores) of all studied antibodies between angiosarcoma of bone (ASB) and soft tissue (ASST) illustrated by dot plots and their corresponding P-value. Table 3 The different pathways based on a combination of different immunohistochemical markers that are used for global testing between angiosarcoma of bone and angiosarcoma of soft tissue
Pathways Markers
P-value adjusted
The significant P-values are shown in bold.
differentiation and maintenance of homeostasis during adult life, but it also prohibits uncontrolled cell proliferation. 45, 46 Deregulation of this pathway causes resistance to the TGF-b-mediated growth arrest and gives rise to malignancies. [47] [48] [49] However, the molecular mechanisms provoking this deregulation, that is, genetic and epigenetic aberrations, and the underlying oncogenic activities of TGF-b still remain unclear. 49 Our findings suggest possible therapeutic options for angiosarcoma of bone, because inhibitors of the TGF-b pathway ( Figure 6 ) are available. 50 By now, multiple pre-clinical and clinical studies are investigating the inhibition of the oncogenic TGF-b signaling as a therapeutic approach in different types of cancer. 50 Pathway analysis further demonstrates that the PI3K/Akt pathway, is highly active in both angiosarcoma of bone and soft tissue ( Figure 6 ). However, the differences in protein expression suggest that activation occurs through different mechanisms. In angiosarcoma of bone, 41% show decreased expression of the tumor-suppressor PTEN, compared with only 7% in angiosarcoma of soft tissue. However, in angiosarcoma of soft tissue, the tyrosine kinase Signaling pathways in angiosarcomas receptor KIT is overexpressed in 90%, whereas this is infrequent (17%) in angiosarcoma of bone. This is corresponding to previous studies, reporting that 20 to 58% of the soft tissue angiosarcomas show CD117 expression, 51, 52 whereas normal adult endothelial cells lack CD117 overexpression. [52] [53] [54] To date, there are no KIT and/or PDGFRA mutations detected in angiosarcoma of soft tissue. 52, 54, 55 Of note, there is one report of a very good response to imatinib (Glivec, a specific tyrosine kinase inhibitor) in angiosarcoma of soft tissue. 55 We show limited expression of CD117 in a minority of angiosarcoma of bone, suggesting that a specific tyrosine kinaseinhibitor, such as imatinib, could be a therapeutic option for angiosarcoma of soft tissue but not for angiosarcoma of bone.
In angiosarcoma of bone on the other hand, we demonstrate decreased expression of PTEN. To date, there is only one report of a human PTEN gene mutation in one out of two angiosarcomas of the liver containing a single-nucleotide substitution in exon 7. 56 A recent publication demonstrates that about 10% of the PTEN-haploinsufficient zebrafishes develop hemangiosarcomas and these tumors have an activated PI3K/Akt signaling, 57 thereby illustrating the possible role of PTEN in the development of vascular tumors. Although it would be interesting to evaluate possible PTEN mutations within angiosarcoma of bone, mutation analysis could not be performed in our study, because there was not enough more DNA available.
The PI3K/Akt pathway is a signal transduction cascade that has a role and regulates a large variety of important physiological processes, such as cell proliferation and metabolism, adhesion, survival, protein synthesis, motility and angiogenesis. 58 Genetic aberrations, such as PIK3CA mutation, have been described, which constitutively activate this pathway and thereby potentially induce malignancies. 58, 59 As the PI3K/Akt pathway is activated in both angiosarcoma of bone and soft tissue, we additionally examined PIK3CA for hotspot mutations. No mutations were found. Of note, recent publications have shown the presence of PIK3CA mutations in vascular anomalies and benign vascular lesions. 60, 61 The activated PI3K/Akt pathway in angiosarcomas provides a rationale for the use of inhibitors of the PI3K/Akt pathway in these patients ( Figure 6 ). 58, 62 The serine/threonine kinase mammalian target of rapamycin (mTOR) is a kinase downstream in the PI3K/Akt pathway and therefore an important regulator of cell proliferation, metabolism and protein synthesis. The mTOR activity can be inhibited by rapamycin (sirolimus) and analogs (rapalogs), for example, Temsirolimus/ CCI-779 and everolimus/RAD001. Beuvinck et al demonstrated in human tumor xenografts that everolimus inhibits angiogenesis by preventing the proliferation of endothelial cells. 63 So far, there is only one report demonstrating the anti-proliferative effect of rapamycin in angiosarcoma cell lines. 64 In addition, new drugs such as pure PI3K inhibitors, dual PI3K-mTOR inhibitors, Akt inhibitors and mTOR kinase inhibitors are evolving and passing through the early phases of clinical development. 58 Our findings would support further studies into the effectiveness of these inhibitors in angiosarcoma of bone. However, thus far, no cell lines derived from angiosarcoma of bone are available.
In conclusion, we demonstrate that angiosarcoma of bone is different from angiosarcoma of soft tissue at the molecular level, suggesting that the underlying mechanism of tumorigenesis between both groups may be different. This supports the previous finding that angiosarcomas are a heterogeneous group of malignant vascular tumors with possible different subgroups and corresponding expression profiles. 22, 23 We demonstrate that in 55% of the angiosarcoma of bone the Rb pathway is involved in tumorigenesis, mainly by the loss of protein expression of CDKN2A, which seems to be related with a significantly worse prognosis. The TP53 pathway seems of no importance in angiosarcoma of bone. Moreover, by global testing we demonstrate that the TGF-b pathway is more active in angiosarcoma compared with its soft tissue counterpart. The PI3K/Akt pathway is active in both angiosarcoma of bone and soft tissue, and we here demonstrate that while in angiosarcoma of soft tissue overexpression of KIT is involved, in angiosarcoma of bone PTEN expression is decreased. Our results provide rationale for therapeutic strategies including TGF-b and/or PI3K/mTOR inhibitors to improve the generally poor prognosis of patients with angiosarcoma of bone.
